Plants respond to environmental stresses by altering gene expression, and several genes have been found to mediate stress-induced expression, but many additional factors are yet to be identified. OsNAP is a member of the NAC transcription factor family; it is localized in the nucleus, and shows transcriptional activator activity in yeast. Analysis of the OsNAP transcript levels in rice showed that this gene was significantly induced by ABA and abiotic stresses, including high salinity, drought and low temperature. Rice plants overexpressing OsNAP did not show growth retardation, but showed a significantly reduced rate of water loss, enhanced tolerance to high salinity, drought and low temperature at the vegetative stage, and improved yield under drought stress at the flowering stage. Microarray analysis of transgenic plants overexpressing OsNAP revealed that many stress-related genes were up-regulated, including OsPP2C06/OsABI2, OsPP2C09, OsPP2C68 and OsSalT, and some genes coding for stress-related transcription factors (OsDREB1A, OsMYB2, OsAP37 and OsAP59). Our data suggest that OsNAP functions as a transcriptional activator that plays a role in mediating abiotic stress responses in rice.
Introduction
Plants are sessile organisms, and are frequently threatened by adverse environmental conditions. During the stress response, the stress signal is perceived and transduced, ultimately resulting in expression of functional proteins that protect the plant. Stress-responsive genes are mainly regulated by transcription factors, which are particularly important in the tolerance of plants to changeable environmental conditions (Xiang et al. 2008 , Nakashima et al. 2009 ). About 6% of the genes in rice and Arabidopsis genomes encode transcription factors, and nearly 45% of them are plant specific (Riechmann et al. 2000 , Kikuchi et al. 2003 . It has been reported that overexpression of several genes encoding transcription factors resulted in stress tolerance of the plant. For example, overexpression of the ethylene response factor-like gene SUB1A in rice delayed leaf senescence and improved tolerance to submergence, drought and oxidative stress (Fukao et al. 2011) . Rice plants overexpressing OsMYB55 showed an increase in total amino acid content and increased tolerance to high temperatures (El-Kereamy et al. 2012) . In Arabidopsis, overexpression of AtMYB96 reduced lateral root formation by integrating ABA and auxin signaling pathways and enhanced cuticular wax biosynthesis to increase drought resistance (Seo et al. 2009 , Seo et al. 2011 .
The NAC transcription factor family is one of the largest plant-specific gene families encoding putative transcription factors. There are 117 NAC genes in the Arabidopsis genome and 151 in the rice genome (Nuruzzaman et al. 2010) . Most NAC proteins contain a highly conserved N-terminal domain and a variable C-terminal domain. The first reported NAC gene was NAM which is a petunia gene required for shoot apical meristem development (Souer et al. 1996) . Subsequently, NAC genes found in Arabidopsis (ATAF1/2, CUC1) showed a conserved N-terminal region; the 'NAC' designation was derived from the first character of the names of these genes (Aida et al. 1997) . NAC genes are expressed in different tissues and take part in various developmental programs, including floral development (Sablowski and Meyerowitz 1998) , cell division (Kim et al. 2006) , lateral root development (Guo et al. 2005 , He et al. 2005 , senescence (Guo and Gan 2006 , Balazadeh et al. 2011 , secondary cell wall synthesis Plant Cell Physiol. 55(3): 604-619 (2014) doi:10.1093/pcp/pct204, available online at www.pcp.oxfordjournals.org ! The Author 2014. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com (Zhong et al. 2007 , Mitsuda and Ohme-Takagi 2008 , Yamaguchi et al. 2008 , Yamaguchi et al. 2010 , and abiotic (Zheng et al. 2009 , Nakashima et al. 2012 ) and biotic stress responses (Wang et al. 2009 , Zheng et al. 2009 , Nakashima et al. 2012 .
There is considerable redundancy among plant transcription factor genes; therefore, a single gene mutant often shows no significant changes in phenotype. Chimeric repressor silencing technology (CRES-T) is one of the methods that can overcome the limitations caused by functional redundancy among transcription factors (Ohta et al. 2001 , Hiratsu et al. 2002 , Hiratsu et al. 2003 . Fusion of an SRDX motif, which confers strong repression, to a transcriptional activator will convert it into a dominant repressor. Thus, the modified protein represses the expressions of target genes of the transcriptional activator, even when functional redundancy exists (Hiratsu et al. 2003) .
AtNAP was first reported to have a role in cell expansion in Arabidopsis (Sablowski and Meyerowitz 1998) . Later, AtNAP was found to be involved in senescence, and its homolog in rice, OsNAP, also had a similar function in senescence (Guo and Gan 2006) . Recently, OsNAP has been reported to be associated with leaf senescence and correlated with jasmonic acid (JA) biosynthesis in rice (Zhou et al. 2013) . Further research of AtNAP showed that SAG113 was the direct target of AtNAP and takes part in leave senescence by ABA-regulated stomatal movement and water loss . However, a role for OsNAP in abiotic stress responses has not been reported.
In this study, we report the finding that OsNAP plays roles in abiotic stress responses. We found that the expression of OsNAP was induced by ABA, drought and high salinity. Analyses of rice plants overexpressing OsNAP showed that OsNAP regulated many stress-inducible genes and played an important role in tolerance to high salinity and drought. To overcome functional redundancy, we expressed a fusion of the SRDX motif to the C-terminal end of OsNAP under the control of the 35S promoter. The SRDX transgenic lines showed lower tolerance to abiotic stresses, compared with wild-type (WT) and overexpressing (OX) lines. Our data indicate that the OsNAP transcription factor plays an excellent role in abiotic stress tolerance via increased expression of ABA-dependent stress-responsive genes.
Results
Alignment and phylogenetic analysis reveals similarity of OsNAP to members of the SNAC clade OsNAP consists of 393 amino acids; the NAC domain spans the region from amino acids 1 to 174 ( Supplementary Fig. S1A ). Sequence alignment and phylogenetic analysis using data from proteins with predicted NAC domains revealed that OsNAP belongs to the NAM subfamily of NAC proteins ( Supplementary Fig. S1B ). OsNAP showed high sequence similarity to members of the SNAC (stress-responsive NAC proteins) clade (Nuruzzaman et al. 2010) . The amino acid sequence of OsNAP showed at least 70% similarity to other SNAC family transcription factors; 78% similarity to OsNAC5 (Takasaki et al. 2010 ), 74% to SNAC2 (Hu et al. 2008 ) and 70% to SNAC1 (Hu et al. 2006) . The amino acid sequence of the whole OsNAP protein showed 87% similarity to AtNAP (Guo and Gan 2006) and 81% similarity to OsNAC10 (Jeong et al. 2010) , which are the closest homologs of OsNAP in Arabidopsis and rice, respectively.
OsNAP has transcriptional activator activity
Although most NAC proteins tested are transcription factors located in the nucleus, a few are membrane-bound forms that must be cleaved before they can act as transcription factors, e.g. NTL8 (Kim et al. 2007 ) and NTM1 (Kim et al. 2006) . To determine whether OsNAP is localized to the nucleus, the full-length cDNA of OsNAP was introduced into the pCAMBIA1304 vector, which contains monomeric green fluorescent protein (mGFP), resulting in a fusion of the mGFP sequence to the C-terminus of OsNAP. Transgenic plants carrying the OsNAP-mGFP fusion were generated and the roots of the T 3 transgenic line OX11 were used for subcellular localization assays, with the transgenic lines containing the pCAMBIA1304 vector as the negative control. We detected GFP signals in the nuclei ( Supplementary  Fig. S2F , H), which was confirmed with 4 0 ,6-diamidino-2-phenylindole (DAPI) staining ( Supplementary Fig. S2E ), of the root cells of OsNAP transgenic seedlings, while the GFP signal in the negative control was distributed throughout the cell ( Supplementary Fig. S2B, D) . These results indicated that OsNAP is a nuclear protein.
To determine whether OsNAP has transcriptional activator activity, a C-terminal fragment of OsNAP (lacking the sequence from amino acids 1 to 174, OsNAP-ÁN) and an N-terminal fragment (lacking the sequence from amino acids 175 to 393, OsNAP-ÁC) were each fused to the GAL4 DNA-binding domain of the pGBKT7 vector and transformed into the yeast strain AH109. The yeast cells containing pGBKT7-OsNAP, pGBKT7-OsNAP-ÁC and pGBKT7-OsNAP-ÁN, and the negative control plasmid pGBKT7 all grew well on SD medium ( Supplementary Fig. S2I ), while the cells containing pGBKT7-OsNAP-ÁC and the negative control plasmid pGBKT7 could not grow on SD/-Trp/-His medium ( Supplementary Fig. S2J ). The results showed that OsNAP can act as a transcriptional activator and that the C-terminal region of OsNAP is required for its transactivation activity.
Expression of OsNAP is induced by ABA and abiotic stresses
Many NAC genes are stress responsive, including 45 NAC genes that are induced by abiotic stress in rice from microarray analysis (Nuruzzaman et al. 2010) . We examined the expression level of OsNAP in more detail under abiotic stress and chemical treatments. The real-time reverse transcription-PCR (qRT-PCR) results showed that OsNAP was greatly induced by NaCl, polyethylene glycol (PEG) and ABA, slightly induced by low temperature and H 2 O 2 , and unaffected by 6-benzyladenine (6-BA) and GA 3 treatments (Fig. 1A, B) . These qRT-PCR results showed that like other NAC family members in rice, OsNAP is also stress responsive.
The NAC transcription factors also participate in plant development processes. The results of qRT-PCR analyses showed that OsNAP transcripts were expressed in all tissues of rice, and highly expressed in roots; the transcripts accumulated more in flag leaves and sheaths than in other tissues (Fig. 1C ). An RNA in situ hybridization analysis further revealed that mRNA of OsNAP was present in young leaves of buds ( Fig. 1Da ) and mature leaves (Fig. 1Db) . In mature leaves, OsNAP was highly expressed in mesophyll cells (Fig. 1Db) . OsNAP was also expressed in primary roots (Fig. 1Dc) .
Expression change of OsNAP alters ABA sensitivity
To analyze further the function of OsNAP in rice, we created OX lines by cloning the full-length cDNA of OsNAP into the pCAMBIA1304 vector. Because there is often redundancy among NAC family transcription factors, we also examined the function of the OsNAP protein attached to the transcription repression domain SRDX (Hiratsu et al. 2003) . The full-length cDNA of OsNAP was fused to a synthetic fragment encoding SRDX before the stop codon in the pCAMBIA1304-OsNAP-SRDX vector. The two vectors were introduced into japonica rice Nipponbare by Agrobacteriummediated transformation using the Agrobacterium strain EHA105. The OsNAP expression level in transgenic T 0 plants was examined by RT-PCR (Fig. 2E, F) and the result was confirmed by qRT-PCR (data not shown). Southern blot Error bars are the SE for at least three biological replicate reactions, *P < 0.05, **P < 0.01, ANOVA.
analysis was not carried out; thus in order to confirm the phenotype coming from the expression of OsNAP, we used three different OsNAP high expression lines, OX10, OX11 and OX17, for further experiments (Fig. 2E) . The transcript level of OsNAP in line OX1 was not significantly higher than that in the WT, so it was used as the negative control. The SRDX4 and SRDX6 transgenic lines were chosen for further analyses because they had high transcript levels of OsNAP-SRDX (Fig. 2F) . Because there were no significant morphological, growth, or developmental differences among OXs, SRDXs and the WT, all of the T 3 transgenic lines were used for tolerance tests.
Transcription of OsNAP was strongly induced by ABA; therefore, we speculated that overexpression of OsNAP may alter the ABA sensitivity of rice. To test this idea, rice seeds were germinated on Murashige and Skoog (MS) medium containing different concentrations of ABA, and the sensitivity of seed germination to ABA was evaluated. On MS medium without ABA, there was no difference in germination between the WT and the transgenic seeds ( Fig. 2A) . However, the germination rate of WT seeds was higher than those of OXs on media containing 1, 2 or 3 mM ABA (Fig. 2C ). The germination rates of SRDX4 and SRDX6 seeds were not significantly different from that of the WT (Fig. 2D) . These results indicated that overexpression of OsNAP improved the ABA sensitivity of rice.
Overexpression of OsNAP increases tolerance to high salinity
The strong induction of OsNAP by NaCl suggested that OsNAP might play a role in salinity tolerance. Therefore, we evaluated the salt tolerance of WT and transgenic seeds in a germination test. There was no difference in germination rate between OX and WT seeds on MS medium (Fig. 3A) . However, in the presence of 200 mM NaCl, the seed germination rates of OX10, OX11 and OX17 were higher than those of the WT and OX1 (Fig. 3B) . After 9 d of growth on MS medium containing 200 mM NaCl, the seedlings of OXs were taller than those of the WT (Fig. 3C, D) . Because overexpression of OsNAP improved salt tolerance at the germination stage, we speculated that OsNAP may also improve the salt tolerance at the seedling stage. To test this idea, 2-week-old seedlings cultured in nutrient solution were transferred to nutrient solution containing 150 mM NaCl and grown for an additional 4 d. The plants were transferred to nutrient solution without salt for 3 d and then data for the survival rate, fresh weight and electrolyte leakage were collected to evaluate tolerance. OX11 and OX17 showed significantly higher survival rates than the WT (83.3% and 88.9%, respectively; Table 1 ). The fresh weights of OX11 and OX17 were also significantly higher than that of the WT (Fig. 4C) , and the electrolyte leakage was lower than that of the WT (Fig. 4D ). SRDXs were more sensitive than the WT to salt treatment. We tested the survival rate of SRDXs before stress, because all of the tested seedlings died after the 3 d recovery period. The survival rates of SRDX4 and SRDX7 were higher than that of the WT (Table 2) , but there was no significant difference in fresh weight between SRDXs and the WT (Fig. 4F) .
Our results confirmed that overexpression of OsNAP improved tolerance of rice to salt in a nutrient solution. To investigate the salt-tolerant phenotype further, we tested whether plants grown in soil were also salt tolerant. Plants (four-leaf stage) of the WT and OXs grown in the same pot were irrigated with 200 mM NaCl, and the survival rates were calculated 13 d later. The survival rates of OXs were much higher than that of the WT, especially those of OX11 and OX17 (Fig. 5A, C) . A nitroblue tetrazolium (NBT) staining test showed that WT plants accumulated slightly more superoxide than did OX plants (Fig. 5B) . The fresh weight calculated after the stress treatment was positively correlated with the OsNAP transcript level; OX11 and OX17 showed the highest fresh weight (Fig. 5D) . The F v /F m value, which represents the activity of PSII, was determined to evaluate the functional damage to rice plants. The F v /F m values were higher in OX10, OX11 and OX17 than in the WT (Fig. 5E) . The results of these experiments confirmed that OsNAP plays an active role in the salt tolerance of rice. The shoot length of the WT and OXs on MS medium containing 0 and 200 mM NaCl. Error bars are the SE for at least three biological replicate reactions, *P < 0.05, **P < 0.01, ***P < 0.001. Changes in OsNAP expression affect drought sensitivity
As well as salinity stress, PEG treatments also induced OsNAP transcription (Fig. 1A) , suggesting that OsNAP might also play a role in the drought stress response. To verify the PEG-resistant phenotype, 2-week-old seedlings of the WT and OXs were transferred into nutrient solution containing 18% PEG8000. After 10 d, the seedlings were transferred to nutrient solution without PEG to recover for 3 d. The leaves were cut and stained with diaminobenzidine (DAB) at the end of the PEG treatment, while the fresh weight and electrolyte leakage were analyzed after the 3 d recovery period. The DAB staining of leaves from transgenic lines and the WT showed that SRDXs accumulated the highest levels of hydrogen peroxide, while the OXs accumulated the lowest levels (Fig. 6C) . The electrolyte leakage results showed the same trend as the DAB staining results (Fig. 6D) . There was no difference in fresh weight among the WT, OXs and SRDXs after the PEG treatment and the recovery period (Fig. 6E) . Because OXs grew better under the PEG treatment than did the WT or SRDXs, we assumed that changes in OsNAP expression would affect the drought sensitivity of rice. Therefore, we evaluated the drought tolerance of transgenic and WT rice seedlings. First, we evaluated the rate of water loss by measuring the fresh weight of 4-week-old leaves at various time intervals. The results showed that the rate of water loss from OX11 and OX17 was significantly lower than that from the WT (Fig. 7C) . Then, to evaluate drought tolerance at the vegetative stage, OX Error bars are the SE for at least three biological replicate reactions, *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA. and WT seedlings were grown in the same pot until they were 4 weeks old. After 13 d without water, almost all the leaves of the WT were yellow and rolled into a needle-like shape, while those of OXs were still green (Fig. 7A) . The plants were then rewatered for 4 d. The average survival rate of WT plants was 19.5%, while that of OX10, OX11 and OX17 was 50, 77.7 and 70.3%, respectively (Fig. 7E) . The F v /F m values and fresh weights of OXs were significantly higher than those of the WT after the rewatering period (Fig. 7B, D) .
Rice is hypersensitive to drought during flowering development; therefore, we tested the tolerance of OXs to drought at the flowering stage. The WT, OX11 and OX17 were grown in the same pot under normal growth conditions before the panicle reached the heading stage. Then, the control pots were watered normally while those in the drought treatment were not irrigated for the next 10 d (during these days, the panicle reached the heading stage). Then, watering was resumed until harvest. We measured three major agronomic traits: number of panicles per plant, spikelet fertility and grain yield per plant. Under normal growth conditions, the grain yields of the WT, OX11 and OX17 were similar. However, in the drought treatment, the grain yields of OX11 and OX17 were higher than those of the WT. The relative grain yield of OX11, OX17 and the WT was 66.4, 63.1 and 52.2%, respectively (Fig. 8B, D) . The spikelet fertility of OX11 and OX17 (65.9% and 63.8%, respectively) was higher than that of the WT (46.5%; Fig. 8C, E) . These results confirmed that overexpression of OsNAP improved the drought tolerance of rice, and even improved the yield under drought stress.
Changes in OsNAP expression affect sensitivity to low temperature Because transcription of OsNAP was also induced by low temperature (Fig. 1A) , we determined whether changes in OsNAP expression resulted in changes to low temperature tolerance. Seedlings of the WT and transgenic lines (2 weeks old) were grown in a chamber at 10 C for 20 d. As 10 C was not a very low temperature, there were no significant phenotype differences between different lines. However, by evaluating the proline contents and electrolyte leakage, we found that OX11 and OX17 accumulated significantly more proline than the WT and SRDXs (Supplementary Fig. S3C ), and SRDXs showed higher electrolyte leakage ( Supplementary Fig. S3C ). These results showed that OsNAP also plays a role in low temperature tolerance. Error bars are the SE for at least three biological replicate reactions, *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA.
Stress-related genes are up-regulated in OsNAP-overexpressing plants
We compared the gene expression profiles between the OsNAP-overexpressing line OX11 and WT plants grown under normal conditions using the Affymetrix rice gene chip. We evaluated 2-week-old plants of OX11 and the WT grown under the same conditions. In OX11, 1,370 genes showed a >2-fold change (pfp <0.2) in transcript level (439 up-regulated and 808 down-regulated), compared with their respective (E) Survival rate of the WT and OXs after drought. Error bars are the SE for at least three biological replicate reactions, *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA. transcript levels in the WT. Gene ontology (GO) analysis of these genes revealed three main categories of biological processes: metabolic process, cellular process and response to stimuli (Fig. 9A, B) .
There were 377 genes that were significantly responsive to various stimuli, based on the published microarray analysis (http://www.affymetrix.com/analysis/index.affx). The expression profiling analysis revealed that the expression of many stress response genes was changed in OXs, compared with the WT. We selected eight reported stimulus-responsive genes that were up-regulated in OX11 to evaluate their expression in OX11 and WT plants grown under normal conditions by qRT-PCR analysis. Members of the protein phosphatase 2C (PP2C) family are known to mediate drought resistance (Singh et al. 2010) . We found that three members of the PP2C family, OsPP2C06/OsABI2 (Os01g0583100), OsPP2C09 (Os01g0846300) and OsPP2C68 (Os09g0325700), were up-regulated in OX11. OsSalT (Os01g0348900), which was related to salt tolerance and induced by ABA (Claes et al. 1990 , Sugano et al. 2010 , was also up-regulated in OX11. The transcription factor genes OsDREB1A (Dubouzet et al. 2003) , OsMYB2 (Yang et al. 2012 ), OsAP37 (Oh et al. 2009 ) and OsAP59 (Oh et al. 2009 ), which were reported to improve stress resistance, were all up-regulated in OX11 (Fig. 9C) .
Because OsPP2C09 (Os01g0846300) and OsPP2C68 (Os09g0325700) are homologs of SAG113 (senescence-associated gene 113), a known target of AtNAP (Zhang and Gan 2012), we checked whether the promoters of Os01g0846300 and OsPP2C68 were also targets of OsNAP in rice using a dual luciferase assay in tobacco (Hellens et al. 2005) . However, the results demonstrated that OsNAP did not show transactivation activity towards these two promoters ( Supplementary Fig. S4 ).
Discussion
OsNAP is a NAC family member that participates in the stress tolerance of rice
Many NAC family transcription factors have been reported to play roles in abiotic stress responses. The expression of NAC genes was reported to be induced by dehydration, high salinity, ABA and JA (Nakashima et al. 2012) . Compared with NAC genes in Arabidopsis, more NAC genes in rice have been used to increase abiotic stress tolerance. For example, overexpressing SNAC1 in rice improved drought and salinity tolerance as a result of increased stomatal closure, which decreased the transpiration rate (Hu et al. 2006) . Overexpression of OsNAC5 and OsNAC6 also improved the tolerance of rice to abiotic stresses (Nakashima et al. 2007 , Takasaki et al. 2010 . Overexpression of OsNAC10 enhanced the tolerance of rice to drought stress at the vegetative stage, and specific overexpression of OsNAC10 in rice roots increased yields under normal and drought conditions (Jeong et al. 2010) . Our phylogenetic analysis showed that OsNAP belongs to the NAM subfamily, and shows high similarity to members of the SNAC subfamily. Many members of the NAM subfamily has been reported to take part in development (Aida et al. 1997 , He et al. 2005 and to be up-regulated under stress (Nuruzzaman et al. 2010) . The amino acid sequence of OsNAP shows a high level of similarity to OsNAC10 in rice. Here, we first report that OsNAP is induced by abiotic stress, and that it plays a role in resistance to abiotic stresses in rice.
Overexpression of OsNAP improves stress tolerance of rice and increased grain yield under drought stress
Rice lines overexpressing OsNAP showed a lower rate of water loss and significantly increased tolerance to high salinity, drought and low temperature at the vegetative stage, compared with the WT. We fused a strong repressor domain SRDX to OsNAP to inhibit its transcriptional activator function (Hiratsu et al. 2003) , resulting in an Osnap mutant-like phenotype. We have obtained OsNAP-SRDX high expression lines of the T 0 generation (Fig. 2F) , but the expression of OsNAP-SRDX was not high enough in homozygous lines of the T 3 generation. Although the SRDXs did not show an extremely stress-sensitive phenotype, they were a little more tolerant to ABA and less tolerant to PEG and low temperature treatments, compared with the WT. In addition, there were no significant differences in phenotype or development between the WT and transgenic lines under normal conditions. Together, these results showed that overexpression of OsNAP improved the tolerance of rice to abiotic stresses.
Grain yield is an important agronomic trait in rice, and it is severely affected when plants are subjected to drought at the reproductive stage (Lafitte et al. 2004 ). To evaluate further whether the transgenic lines showed improvements in grain yield under drought conditions, we examined the grain yield of plants subjected to drought stress at the heading stage. There was no significant difference in grain yield between transgenic lines and the WT under normal conditions. However, when the plants were subjected to drought stress at the heading stage, the OsNAP-overexpressing lines OX11 and OX17 showed higher grain yield and spikelet fertility than the WT (Fig. 8) . Therefore, OsNAP has great potential to improve the abiotic stress tolerance of rice without any undesirable growth phenotypes, similar to OsNAC5 (Song et al. 2011 ) and OsNAC10 (Jeong et al. 2010) .
Changes in transcript levels of stress-responsive genes in transgenic lines
Microarray analysis revealed that many stress-related genes and transcription factors were up-regulated in the OX11 line. We compared the transcript levels of stress-related genes detected in the microarray analysis with that of OsNAC10 and found that only a few overlapped (data not shown). It is possible that OsNAP and OsNAC10 are involved in different mechanisms of stress resistance. We selected some reported stress-related genes that showed changes in transcript levels in the microarray analysis (OsPP2C06, OsPP2C09, OsPP2C68, OsSalT, OsDREB1A, OsMYB2, OsAP37 and OsAP59) and confirmed their transcript levels by qRT-PCR. The results confirmed that all of these genes were up-regulated in the OXs.
Half of these up-regulated genes encoded transcription factors that have been reported to play roles in stress tolerance. For example, it was reported that OsDREB1A is induced by cold (Dubouzet et al. 2003, Mao and Chen 2012) , and transgenic Arabidopsis overexpressing OsDREB1A showed increased tolerance to drought, high salt and freezing stress (Dubouzet et al. 2003) . Rice lines overexpressing OsMYB2, OsAP37 or OsAP59 also showed increased tolerance to drought and salt stress (Oh et al. 2009 , Yang et al. 2012 , and OsAP37-overexpressing rice showed greatly increased grain yield under severe drought conditions (Oh et al. 2009 ).
Members of the PP2C family have been proposed to mediate drought resistance (Singh et al. 2010) . Three PP2Cs were upregulated in OX11: OsPP2C06/OsABI2 (Os01g0583100), OsPP2C09 (Os01g0846300) and OsPP2C68 (Os09g0325700). All of these genes are in subfamily A of the OsPP2C gene family (Xue et al. 2008 , Singh et al. 2010 . The promoter sequences of members of subfamily A contain many ABRE (ABA response element) motifs (Xue et al. 2008) . Microarray analysis showed that these genes were induced under abiotic stress conditions (Singh et al. 2010 ).
We also checked these genes in SRDX transgenic lines, and there were no significant differences compared with the WT (data not shown). This may be because the homozygous SRDX transgenic lines we have obtained did not highly express OsNAP-SRDX and showed no significantly stress-sensitive phenotype.
OsNAP regulates different ABA-mediated pathways in senescence and stress resistance As mentioned above, OsNAP is the homolog of AtNAP. The direct target of AtNAP was reported to be SAG113, a PP2C family protein phosphatase that plays a role in leaf senescence . In Arabidopsis, SAG113 negatively regulates ABA signaling and suppresses stomatal closure, leading to senescence . The function of the ABAAtNAP-SAG113 regulatory chain may be to allow faster water loss from senescing leaves . OsPP2C09 and OsPP2C68, which were overexpressed in OXs, are the homologs of SAG113 in rice. We tested whether OsPP2C09 and OsPP2C68 were direct targets of OsNAP in rice. The dual luciferase assay in tobacco showed a lower firefly luciferase to Renilla luciferase ratio ( Supplementary Fig. S4 ). These results indicated that OsNAP did not show transactivation activity in these two promoters. Our results also showed that stress and ABA treatments induced the expression of OsNAP, and that under drought stress, the rate of water loss was lower in rice lines overexpressing OsNAP than in the WT. Six of the eight stimulus-responsive genes were ABA related. We propose that OsNAP may stimulate ABA-mediated stomatal closure to stop water loss under abiotic stress; this function differs from that of the ABA-AtNAP-SAG113 chain during leaf senescence in Arabidopsis.
JA also has an important role in plant senescence and stress resistance. Both synergistic and antagonistic effects occur between ABA and JA signaling pathways in response to various biotic and abiotic stresses (Kazan and Manners 2008) . In Arabidopsis, the ABA-induced gene AIB2/JAM1 (Li et al. 2007 , Nakata et al. 2013 ) acts as a repressor in the JA signaling pathway. Similarly, MYC2/JIN2, which positively regulates the JA biosynthesis pathway but negatively regulates JA-dependent pathogen defense genes, is also induced by ABA (Anderson et al. 2004) . Nevertheless, the Arabidopsis ABA receptor mutants pyl4 and pyl5 show a JA-hypersensitive phenotype in roots with reduced anthocyanin content (Lackman et al. 2011) . In rice, the transgenic lines which overexpress OsNAP accumulate more JA at the seedling and mature stage but show reduced sensitivity to exogenous JA (Zhou et al. 2013 ). Since our experiments showed that OsNAP expression was induced under ABA treatment and OsNAP overexpression lines were more sensitive to ABA, we suppose that OsNAP may have a role in the ABA-JA antagonistic pathway in a similar way to JAM1 or JIN2.
Among the genes showing >2-fold changes in expression in the OsNAP-overexpressing line (both up-regulated and down-regulated genes), 24 genes related to photosynthesis were significantly up-regulated (Supplementary Table S1 ).
Thirteen of them were putative light-harvesting chlorophyll a/b-binding proteins (LHCBs). The LHCB family plays an important role in plant photosynthesis and in stress adaptation (Ganeteg et al. 2004) , and members of this family are also required for stomatal responses to ABA in Arabidopsis (Xu et al. 2012 ). The enhanced sensitivity may have resulted from the up-regulated expression of LHCB genes, which probably enhanced stomatal sensitivity to ABA, and improved abiotic stress tolerance.
In conclusion, our results showed that OsNAP encodes a NAC transcription factor that functions as a transcriptional activator. Overexpression of OsNAP in rice resulted in a lower rate of water loss and significantly increased tolerance to high salinity and drought resistance via an ABA-mediated pathway. The significantly enhanced drought resistance and salinity tolerance of the OsNAP-overexpressing rice plants suggested that this gene may show great promise for the genetic improvement of stress tolerance in rice.
Materials and Methods

Plasmid construction and transformation of rice
The full-length cDNA of OsNAP (Os03g0327800), which is lacking the stop codon, was obtained from senescent rice leave with the primers 5 0 -TACCATGGTTCTGTCGAACCCGG-3 0 , NcoI site underlined (foward), and 5 0 -CGACTAGTGTTCATCCCCATGT TAGAG-3 0 , SpeI site underlined (reverse). The PCR fragment was cloned into the NcoI-SpeI sites of the pCAMBIA1304 vector to create pCAMBIA1304-OsNAP. To construct the dominant repression vector, a dominant repression domain SRDX was fused to the end of OsNAP before the stop codon, and the pCAMBIA1304-OsNAP-SRDX vector was constructed. Two constructed vectors and the pCAMBIA1304 vector were introduced into rice callus by Agrobacterium strain EHA105. Regenerated seedlings were selected on MS medium with 50 mg l À1 hygromycin. The expression of OsNAP in transgenic rice plants was analyzed by RT-PCR, and confirmed using quantitative PCR. Homozygous transgenic lines of the T 3 generation were used for further analyses.
RNA in situ hybridization
Freshly collected plant tissues were fixed in 4% (w/v) formaldehyde at 4 C overnight, and 6 micrometers microtome sections were mounted on RNase-free slides. The primers used to prepare the probe were 5 0 -ATGAATTCCGCCCTGGAGGAGAA CGC-3 0 , EcoRI site underlined (forward), and 5 0 -CGTCTAGACA GGTCGGAAATGGAAGGGA-3 0 , XbaI site underlined (reverse). The fragment was linked to the EcoRI-XbaI sites of pSPT19 (Roche), and the RNA probes were then produced by T7 and SP6 polymerase labeled with digoxigenin (Roche). In situ RNA hybridization and immunological detection were carried out according to the instructions for the Enhanced Sensitive ISH Detection kit (Roche).
Rice seedlings and leaves were fixed overnight at 4 C in 4% (w/v) paraformaldehyde in PBS buffer (pH 7.0). The fixed tissues were dehydrated by graded concentrations of ethanol, then embedded in paraffin (Leica). The embedded tissues were sliced into 6 mm sections with a rotary microtome (Leica), and each section was attached to a silanized glass slide (Thermo). The samples were dried overnight at 65 C. Paraffin was removed through a graded series of ethanol concentrations. The sections were hybridized with the probes at 42 C for 16 h in a hybridization solution, and then washed in a solution containing 2Â SSC, 1Â SSC and 0.1 Â SSC for 15 min at 50 C. The hybridization results were detected using an antidigoxigenin-conjugated alkaline phosphatase (Roche). Photographs were taken under a bright-field microscope (Zhu et al. 2006 ).
Stress treatments of rice plants at the vegetative stage
Rice (Oryza sativa L. ssp. japonica) seedlings were grown in the growth chamber at 28 C, 16 h light/8 h dark. Seedlings of rice were grown in basal nutrient solution as described (Zhu et al. 2006) . For expression analysis, 2-week-old seedlings of the WT were exposed to nutrient solution under 10 C, or nutrient solution containing 50 mM ABA, 10 mM 6-BA, 5 mM GA 3 , 6 mM H 2 O 2 , 200 mM NaCl and 18% PEG8000 under normal conditions, and leaves were sampled after 12 h. At least three biological replicates were used for analysis. The root, stem, internode, flag leaf, sheath and inflorescence of heading date rice were used for expression analysis.
Measurement physiological index under drought and high-salinity
To determinate ABA sensitivity of seed germination, 45 seeds of the T 3 generation from different transgenic lines and the WT were sterilized and spread on MS medium containing different concentration of ABA. For tolerance experiments, 2-week-old seedlings were cultured as above, transferred to 10 C for 20 d, and cultured in normal nutrient solution with 150 mM NaCl for 4 d or 18% PEG8000 for 10 d, respectively. After the NaCl and PEG treatments, plants were transferred into normal conditions to recover for another 3 and 4 d , respectively. Seedlings in which all leaves were yellow were presumed to be dead. Fourleaf stage seedlings of OXs were cultured in the same pot with the WT, and the soil was saturated with 200 mM NaCl solution or watering was stopped. The survival rate, fresh weight and the F v /F m values were calculated after 13 d treatment with NaCl and rewatering for another 3 d. NBT and DAB staining were done as described after the NaCl and PEG treatment (Fukao et al. 2011) . The F v /F m values were measured using a LI-6400XT portable photosynthesis system according to the instructions. Electrolyte leakage and the content of proline in rice leaves were determined as described (Song et al. 2011) .
Rice microarray analysis
Two-week-old seedlings were grown in basal nutrient solution under a 16 h/8 h light/dark cycle at 28 C. Total RNAs were extracted amplified, labeled and purified by using a GeneChip 3 0 IVT Express Kit (Cat #901229, Affymetrix) following the manufacturer's instructions to obtain biotin-labeled cRNA. Array hybridization and washing were performed using a GeneChip Hybridization, Wash and Stain Kit (Cat #900720, Affymetrix) in a 645Hybridization Oven (Cat #00-0331-220V, Affymetrix) and a 450 Fluidics Station (Cat #00-0079, Affymetrix) following the manufacturer's instructions. Slides were scanned using a GeneChip Scanner 3000 (Cat #00-00212, Affymetrix) and Command Console Software 3.1 (Affymetrix) with default settings. Raw data were normalized by the RMA algorithm; fold change and pfp values were calculated by the rank product method using R (3.0.0).
Quantitative RT-PCR analysis
Total RNAs were extracted from rice seedlings with Trizol reagent (TAKARA) and genomic DNA was removed with RNasefree DNase I (TAKARA). The total RNAs were reverse-transcribed into first-strand cDNA in a 20 ml volume with M-MLV reverse transcriptase (TAKARA). qRT-PCR was performed in a 10 ml reaction using a SYBR Green (TAKARA) in MyiQ2 realtime PCR detection system (Bio-Rad). PCR efficiency (95-105%) was verified. Amplification specificity was validated by melt curve analysis at the end of each PCR cycle. Relative transcript abundance was calculated using the comparative cycle threshold method (Livak and Schmittgen 2001) . Osactin was used as a normalization control. Sequences of primer pairs are listed in Supplementary Table S2 .
Genes used in this article can be found on NCBI ATAF1 (AT1FG01720), SNAC2 (Os01g0884300), ATAF (AT5G08790), OsNAC5 (Os11g0184900), OsNAC4 (Os01g0816100), SNAC1 (Os03g0815100), OsNAC3 (Os07g0225300), RD26 (AT4G27410), ANAC019 (AT1G52890), ATNAC3 (AT3G15500), ATNAM (AT1G52880), ATNAC2 (AT3G15510), ONAC010 (Os07g0566500), OsNAP (Os03g0327800), ATNAP (AT1G69490), OsNAC10 (Os11g26900), SND1 (AT1G32770), OsSWN1 (Os06g0131700), VND2 (AT4G36160), VND6 (AT5G62380), VND7 (AT1G71930), OsSWN3 (Os08G0103900), ONAC045 (Os11g0127600), ONAC300 (Os12g0123800), CUC3 (AT1G76420), ATNAC6 (AT5G39610), CUC1 (AT3G15170), CUC2 (AT5G53950), RIM1 (Os03g0119966), OsNAC8 (Os01G0261200), OsNTL2 (Os08g0157900), NTL9 (AT4G35580), NTL6 (AT3G49530), TIP (AT5G24590), OsPP2C06/ABI2 (Os01g0583100), OsPP2C09 (Os01g0846300), OsPP2C68 (Os09g0325700), OsSalT (Os01g0348900), OsDREB1A (Os09g0522200), OsMYB2 (Os03g0315400), OsAP37 (Os01g0797600) and OsAP59 (Os02g0654700).
Supplementary data
Supplementary data are available at PCP online. 
